Background--We have identified the cardiomyopathy-susceptibility gene vinculin (VCL) mutation M94I may account for a sudden unexplained nocturnal death syndrome (SUNDS) case. We addressed whether VCL common variant D841H is associated with SUNDS.
S
udden unexplained nocturnal death syndrome (SUNDS), first reported in 1917 in the Philippines, predominantly prevails in Southeast Asia. 1 The most impressive and unique clinic phenotype for SUNDS is sudden unexpected death during night sleep in apparently healthy young adult males with structurally normal heart. [1] [2] [3] Usually, it is diagnosed by pathologists when it remains unexplained after a comprehensive analysis of cause of death, including autopsy examination and toxicological screening. [1] [2] [3] Although considerable hypotheses (such as primary arrhythmia, 2,3 bacterial infection, 4 potassium deficiency, 5 coronary arteries defect, 6 and sleep respiratory disorders 7 ) have been proposed as potential pathogenic mechanisms for SUNDS, this syndrome, so far, is a puzzling entity with unknown etiology. 8 The clinical features of SUNDS are very similar to those of Brugada syndrome (BrS). Previous molecular studies of 10 families with SUNDS have identified 3 cases with loss-offunction mutations in cardiac sodium channel (SCN5A). 3 Furthermore, in a large cohort of over 120 SUNDS victims, [8] [9] [10] we successively identified mutations in the BrS susceptible genes (SCN5A, SCN1B, SCN3B, PKP2, and SCN10A) as plausible genetic causes of %20% of SUNDS cases. These results highlight the importance of uncovering a possible pathogenic gene for SUNDS in BrS-related genes and indicate that the search of novel susceptibility genes for the majority of SUNDS cases is needed.
Primary arrhythmias, such as BrS, 11, 12 are known to share some pathogenic genes (PKP2, SCN5A, and RYR2) with cardiomyopathy. Vinculin (VCL) and its muscle splice variant isoform, metavinculin, which encodes a cytoskeletal protein that connects actin microfilaments to the intercalated disk and membrane costameres in the heart, have been confirmed as a susceptible gene for dilated and hypertrophic cardiomyopathy. [13] [14] [15] The high incidence of sudden death (attributed to defective myocardial conduction and ventricular tachycardia), before the appearance of cardiomyopathy, was found in cardiomyocyte-specific inactivation of the VCL gene in mouse. 16 Most recently, we characterized the VCL rare variant, M94I, identified in a SUNDS victim with a structurally normal heart, which implicated VCL as a new susceptibility gene for SUNDS. 17 Based on all these findings above, we hypothesized that with VCL, some certain common variants may increase the risk of susceptible individuals for SUNDS.
Material and Methods

Chinese SUNDS Cohort
One-hundred twenty unrelated SUNDS cases were collected from March 1, 2006 to November 30, 2014 at the National Forensic Autopsy Center at Sun Yat-sen University (Guangzhou, China). The SUNDS inclusion criteria were as previously reported [8] [9] [10] : (1) an apparently healthy Han Chinese with age older than 15 years who suffered a sudden unexpected death during nocturnal sleep; (2) without history of significant disease; (3) and a negative forensic autopsy (gross and microscopic examination), toxicology, and death-scene investigation, resulting in an unexplained death. Victims with significant disease or pathological alterations to elucidate the death were excluded. Approval for human research protocols were obtained from the ethics committee of Sun Yat-sen University. The principles outlined in the Declaration of Helsinki were followed. Informed consent was obtained from the legal representatives of the victims.
Genetic Analysis
Genomic DNA was extracted from blood samples using the DNA IQ Casework Pro Kit for Maxwell 16 (Promega Corporation, Madison, WI). Genetic screening of the VCL gene (Genbank accession no. NM_014000.2) was performed on SUNDS cases using direct Sanger sequencing. A total of 80 genes associated with primary arrhythmia/cardiomyopathy were genetically screened in VCL missense variant carriers based on target captured next-generation sequencing technology, and then the identified variants were confirmed by direct Sanger sequencing as described previously. 18 Sequences were compared with the corresponding reference cDNA sequence of the VCL gene using SeqManII expert sequence analysis software (DNASTAR, Inc, Madison, WI 
Plasmid Constructions of Expressing Vectors
The cDNA of the wild-type (WT) human VCL gene was subcloned into mEmerald vector (Plasmid #54304; from Addgene, Cambridge, MA). The VCL-p.Asp841His (D841H) polymorphism was introduced into VCL-WT using a sitedirected mutagenesis kit (Stratagene, La Jolla, CA). All clones were sequenced to ensure the existence of the target mutation and the absence of other substitutions caused by polymerase chain reaction.
HEK293 Cells Transfection
The VCL-WT or -D841H in mEmerald vector was transiently cotransfected with expressing vectors containing SCN5A (hNav1.5; Genbank accession no. AB158469) at a ratio of 1:4 into HEK293 cells using FuGENE6 reagent (Roche Diagnostics, Indianapolis, IN) according to the manufacturer's instructions.
Human Induced Pluripotent Stem-Cell-Derived Cardiomyocytes Transfection
The previously and extensively characterized human induced pluripotent stem-cell-derived cardiomyocytes (iPS-CMs) were obtained from Cellular Dynamics International (Madison, WI) and handled according to manufacturer specifications.
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The iPS-CMs were split 24 hours before cellular electrophysiology experiments and plated on 12-mm precoated coverslips (BD Biosciences, San Jose, CA). The VCL-WT or -D841H vectors were transiently transfected into iPS-CMs using TransIT-LT1 transfection reagent (Mirus Bio LLC, Madison, WI), according to manufacturer's instructions.
Histological Study of the Heart and Immunoprecipitation
Paraffin-embedded left ventricle sections (6 lm) at the midventricular level, from the SUNDS victims with VCL-D841H and their age-and sex-matched controls without structural heart disease, were stained with hematoxylin and eosin, Masson's trichrome, and immunofluorescent staining as described previously. 22 with series-resistance compensation. Membrane current data were digitalized at 100 kHz, low-pass filtered at 5 kHz, and then normalized to membrane capacitance. Activation was measured by clamp steps of À120, À110, À100, À90, À80, À70, À60, À50, À40, À30, À20, À10, 0, 10, 30, and 60 mV from a holding potential of À140 mV. The midpoint of activation was obtained using a Boltzmann function of G Na =[1+exp (V 1/2 ÀV)/k] À1 , where V 1/2 and k are the midpoint and slope factor, respectively. G/G Na =I Na (norm)/(VÀVrev) where Vrev is the reversal potential and V is the membrane potential. Steady-state inactivation was measured in response to a test depolarization to 0 mV for 24 ms from a holding potential of À140 mV, following a 1-second conditioning pulse from À150 to 0 mV in 10-mV increments.
Voltage-dependent availability from inactivation relationship was determined by fitting the data to the Boltzmann function:
, where V 1/2 and k are the midpoint and the slope factor, respectively, and Vc is the membrane potential. Late I Na was measured as the mean between 600 and 700 ms after the initiation of the depolarization from À140 to À20 mV for 750 ms after passive leak subtraction, as previously described. 22 Time course of recovery from inactivation was elicited using the protocol: holding potential of À140 mV, conditioning pulse to 0 mV for 1 second, followed by different recovery intervals (from 0.1 to 2000 ms), and then a test pulse to 0 mV for 24 ms. Data were analyzed by fitting data with a 2-exponential (exp) function: normalized
, where t is time, A f and A S are fractional amplitudes of fast and slow components, respectively, and s f and s S are fast and slow time constants, respectively. The cycle length of the used voltage clamp protocols is 2 ms.
Statistical Analysis
Data points are reported as the mean value and the SEM. Determinations of statistical significance were performed using a Student t test for comparisons of 2 means or using ANOVA for comparisons of multiple groups. Differences in genotype frequency and allele frequency between SUNDS cases and controls were tested by chi-square test or Fisher's exact probability test. Statistical significance was determined by a value of P<0.05.
Results
Demographics of SUNDS Cohort
All 120 unrelated SUNDS cases (1 female) were from the Chinese Han population. The average death age was 31.1AE7.6 years (range, . No family history of sudden death and no clinic records existed for any of these apparently previously healthy SUNDS cases. Comprehensive autopsy examination showed no significant pathological changes or diseases to explain the sudden death. The hearts of the 120 SUNDS victims were structurally normal. The average heart weight and left (LV) and right ventricle (RV) thickness were 365AE52 g, 1.20AE0.16 cm, and 0.31AE0.05 cm, respectively. DNA samples and detailed clinic information of family members of the SUNDS cases were not available, because data were collected as a retrospective study on forensic autopsy cases and follow-up study was not possible.
Vinculin Mutational Analysis
Overall, 9 of 120 SUNDS cases carried VCL missense variants. One case had a rare variant M94I on 1 VCL allele. Six cases were heterozygous for a common variant where a C replaces G (NM_014000.2:c.2521G>C, rs150385900) in the first position of codon 841 on 1 copy of VCL to yield a change from aspartic acid (D) to histidine (H) (p.Asp841His; Figure 1 ), indicating the genotype D841/H841 (DH). Two cases were homozygous for the variant genotype, H841/ H841 (HH). The MAF of H841 in 120 SUNDS is 0.04167 (10 of 240). The p.Asp841His (D841H) substitution involves an amino acid that is highly conserved among species ( Figure 1 ). Only 909 of 989 Han Chinese in the local database underwent VCL screening. We set the MAF of H841 in these 909 Han Chinese (15 of 1818=0.00825) as a control. In the ExAc database, H841 was absent in the European population and the MAF presented a prevalence of 0.01322, 0.0002424, and 0.0001928 in the East Asian, South Asian, and African populations, respectively (Table 1) . No individual was homozygous (HH) in either controls or the ExAC database.
No pathogenic rare variants were identified in 79 known primary arrhythmia/cardiomyopathy-causing genes 18 screened in these 8 SUNDS cases with VCL-D841H, except for cases E9 (hosted KCNE1-F54V) and E88 (carried DMPK-P623L; Table 2 ). D841H was predicted to be malignant by in silico tools SIFT, Polyphen2, and CONDEL. However, using the strict ACMG guideline-based definition for pathogenicity, D841H was considered as a variant of uncertain significance. D841H localized to the proline-rich zone (amino acids 837-878), which links the head domain (residues 1-836, harbors binding sites of talin, a-actin, or a-catenin) to tail domain (residues 879-1066, harbors paxillin-binding site).
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Figure 1. Genotyping of sudden unexplained nocturnal death syndrome (SUNDS) victim. The common variant, Asp841His, of the vinculin (VCL) gene is confirmed by Sanger sequencing in 6 SUNDS cases with heterozygous G/C and in 2 SUNDS cases with homozygosis C/C at nucleotide 841. An arrow shows the position of the mutation. The Asp841His substitution involves an amino acid that is highly conserved among species. VCL accession numbers: human, NP_054706.1; chimpanzee, XP_507854; mouse, NP_033528.3; rat, NP_001100718.1; cow, NP_001178299.1; chicken, NP_990772.1; zebrafish, NP_001122153.1. 
Hardy-Weinberg Equilibrium
The Morphological Examination and Immunoprecipitations
All of the 8 SUNDS victims with D841H were identified to have sudden tachypnea preceding their sudden death during nocturnal sleep at 1 to 5 AM. The heart weight and ventricle thickness for these 8 SUNDS victims (Table 2) were comparable to the SUNDS cases without D841H (data not shown). Hematoxylin and eosin and Masson's trichrome staining for myocardial sections of SUNDS cases showed no signs of dilated or hypertrophic cardiomyopathy and no significant infiltration of inflammatory cells and fibrous/fatty tissue in myocardium (data not shown). These cases were compared to sex-and age-matched controls (death caused by traffic accident, no pathogenic rare variants identified in VCL and 79 known primary arrhythmia/cardiomyopathycausing genes). Colocalization of SCN5A and VCL from human LV tissue slices was detected at the intercalated disk (ID) area in an immunofluorescent staining experiment ( Figure 2 shows samples from a 38-year-old homozygous D841H carrier and control). The yellow color pixels in the Figure 2A and 2B overlay panel suggest that SCN5A and VCL were colocalized at the ID. In the signal intensity profile presented in Figure 2C and 2D, SCN5A was observed to be expressed at both the ID and t-tubules (blue line) in both control and case groups, whereas VCL (red line) only expressed at the ID. No significant difference of expression and distribution of both SCN5A and VCL were observed between the controls and SUNDS cases. As previously reported, 25 we identified that VCL directly interacts with SCN5A in vivo and in vitro using coimmunoprecipitations ( Figure 3A and 3B). Furthermore, VCL-D841H does not affect this physical association between VCL and SCN5A ( Figure 3C and 3D).
Vinculin Common Variant D841H Caused the Sodium Channel Loss of Function in Both HEK293 Cells and iPSC-CMs
First, we investigated the baseline effect of coexpressed VCL-WT on sodium channel function in HEK293 cells. As compared to the expression of SCN5A alone, coexpression of both SCN5A and VCL can increase sodium current density by %30% but did not change the sodium channel's activation and inactivation properties (Table 3) . Then, we biophysically characterized the effects of coexpressed VCL-D841H on I Na in HEK293 cells. Under physiological pH conditions (pH 7.4), D841H caused a 29% decrease in peak I Na amplitude compared to WT (Figure 4A and 4B; Table 4 ). The level of late I Na was measured as a percentage of peak I Na . The late I Na for D841H was comparable to WT (Table 4 ). The analysis on the kinetic parameters exhibited that there was no significant difference between WT and D841H in both activation and inactivation (Table 4 ; Figure 5A and 5B). However, D841H showed slower recovery from inactivation and had significantly larger slow time constant (s S ) values compared to WT (Table 5) .
Compared with WT at pH 7.4, WT and D841H at pH 7.0 decreased peak I Na by 31% and 43%, respectively (Figure 4A and 4B; Table 4 ). At low pH, D841H caused a significant negative shift by 3 mV in inactivation compared to WT at pH 7.4 (Table 4; Figure 5B ) and had significantly larger fast and slow time constant values in recovery from inactivation compared with WT at pH 7.4 (Table 5) , which may account for the statistically significant reduction in peak I Na for D841H. The impaired inactivation and recovery would be predicted to further decrease I Na at more-physiological heart rates and resting membrane potentials.
To address whether VCL-D841H exerts effects on cardiomyocytes, we then tested induced pluripotent stemcell-derived cardiomyocytes (iPSC-CMs) overexpressing VCL. Under physiological pH conditions, D841H tended to decrease peak I Na compared to WT (Figure 6A and 6B; Table 6 ), without reaching statistical significance (P=0. 22) . With acidosis at pH 7.0, D841H showed a significant 41% reduction in peak I Na amplitude compared with WT at pH 7.4 (Figure 6A and 6B; Table 6 ). Consistent with the alteration in HEK293 cells, there was no significant difference in activation (Table 6 ; Figure 7A ) and recovery from inactivation (data not shown) between each group. Notably, compared to WT at pH 7.4, D841H at pH 7.0 showed a significant negative shift in inactivation (Table 6 ; Figure 7B ), which may be responsible for remarkable decrease in peak I Na for D841H under acidosis. Attributed to the biophysical effect of SCN5A common variant His558Arg (H558R) on SCN5A function and detection of H558R in 1 of the VCL-D841H carriers, we tested whether SCN5A-H558R affects the biophysical phenotype of VCL-D841H under physiological pH conditions. Surprisingly, the variant, SCN5A-H558R, reversed the decrease of peak I Na amplitude caused by VCL-D841H in HEK293 cells. However, SCN5A-H558R significantly increased the late I Na for VCL-D841H in HEK293 cells (Figure 8 ). For channel kinetics, SCN5A-H558R did not disrupt both activation and inactivation for VCL-D841H in HEK293 cells (Table 7) .
VCL-
Discussion
Vinculin-D841H was Associated With SUNDS in Chinese Han Population VCL, as well as its muscle isoform, metavinculin, has been identified as a susceptibility gene for cardiomyopathy [13] [14] [15] and has also been linked to sudden arrhythmia death in VCL knockout mice preceding the formation of cardiomyopathy. 16 Most recently, VCL mutation M94I was identified to be associated with the genetic cause of 1 SUNDS victim. 17 In the present study, we genetically associated a common VCL variant D841H with SUNDS in the Chinese Han population, in which those individuals carrying the H841 allele showed a 5-fold increased risk for SUNDS. Biophysical studies of VCL-D841H in both HEK293 cells and human iPSC-CMs showed Values are meanAESE for n experiments. The late I Na level was described as a percentage of peak I Na . All parameters were analyzed using 1-way ANOVA followed by a Bonferroni test. I Na indicates sodium current; k, slope factor; pA/pF, current density; V 1/2 , voltage of half-maximal activation/inactivation; VCL, vinculin; WT, wild type. *P<0.05 vs WT at pH 7.4. that this polymorphism tended to decrease peak sodium current under physiological conditions, and this trend becomes a significant sodium channel loss of function under slight acidosis conditions. Moreover, the SCN5A common variant, H558R, interacted with VCL-D841H to cause significant increased late I Na . All these results suggest that VCL-D841H may be an independent risk factor for Chinese SUNDS through the interaction between VCL and SCN5A by which VCL-D841H causes SCN5A either loss or gain of function in the setting of environmental and/or genetic factors. Notably, whether the high prevalence of H841 in the East Asian population is associated with the high occurrence of SUNDS in Asians requires further investigation.
Vinculin Physically and Functionally Interacts With SCN5A
In cardiomyocytes, VCL and its muscle isoform, metavinculin, are predominantly expressed at costameres and IDs and serve to maintain normal cell-cell and cell-matrix junctions as well as cardiac rhythm. 16, 26, 27 So far, whereas several VCL mutations have been identified to account for cardiomyopathy, [13] [14] [15] 28, 29 the functional effect of VCL on cardiac arrhythmia remains unclear. In both hemizygous null VCL mice 26 and cardiomyocyte-specific excision of VCL mice 16 models, the gap junctional protein, connexin 43 (Cx43), within the ID was found to be abnormally distributed. 16, 26 This regulatory effect of VCL on Cx43 was observed to be associated with the direct interaction between VCL and zonula occludens-1 at the ID. 27 In this investigation, we biophysically identified a functional effect of VCL on SCN5A by showing that the loss of function of SCN5As resulted from VCL variant D841H. According to our findings that VCL directly interacts with SCN5A in vivo and in vitro and that VCL and SCN5A were colocalized at the ID in the human heart, this functional effect may result from the direct association between VCL and SCN5A. 17 However, the fact that VCL-D841H did not affect the interaction between VCL and SCN5A suggested that the molecular mechanism for this functional interaction remains to be addressed.
VCL WT VCL-D841H
SUNDS and Abrupt Breathing Abnormalities During Nocturnal Sleep
An early sleep-monitoring experiment indicated that nocturnal hypoxia might be the primary abnormality in individuals with SUNDS family history. 30 The high prevalence of sleep apnea and paralysis were regarded to be related to the high occurrence of SUNDS in Hmong immigrants in the United States. 7 All this clinical evidence as well as forensic epidemiological studies on SUNDS [1] [2] [3] [4] [5] [6] [7] 31 show that respiratory disorders during nocturnal sleep (such as sleep apnea, gasping, and unusual snoring) may play an important role in the pathogenesis of SUNDS. Plant et al 32 previously reported that sleep respiratory abnormality-associated intracellular acidosis significantly increased the late I Na caused by the sudden infant death syndrome susceptibility SCN5A common variant, S1103Y, in blacks. Recently, the SCN5A mutation, R1512W, found in a Chinese SUNDS victim with sudden nocturnal tachypnea before death was identified to show obvious SCN5A loss of function only under acidosis conditions. 33 In this study, we identified, once again, that breathingdisorder-related acidosis plays a crucial role for VCL-D841H in aggravating SCN5A loss of function. All these findings strongly implicate the possible important contribution of sleep respiratory disorders in the occurrence of SUNDS. Values are meanAESE for n experiments. All parameters were analyzed using 1-way ANOVA followed by a Bonferroni test. I Na indicates sodium current; iPSC-CMs, induced pluripotent stem-cell-derived cardiomyocytes; k, slope factor; pA/pF, current density; V 1/2 , voltage of half-maximal activation/inactivation; VCL, vinculin; WT, wild type. *P<0.05 vs WT at pH 7.4. Studies with VCL knockout mice revealed a chronic pathological progression from an apparently normal heart to cardiomyopathy, whereas sudden arrhythmia death could happen at any life stage. 16, 26 Consistently, these 8 SUNDS cases identified in this study with VCL-D841H did not show any pathological characteristics for cardiomyopathy, but suffered sudden unexplained death. The genetic and functional data implicated VCL-D841H as a susceptible polymorphism for Chinese SUNDS. Increasing lines of evidence show that primary arrhythmia disorders (such as BrS and idiopathic atrial fibrillation) with a structurally normal heart share some common clinical phenotypes and susceptible or plausible pathogenic genes (such as SCN5A, PKP2, ABCC9, RYR2, DSG2, CASQ2, JUP, and DSP) with cardiomyopathy. 12, 13, 18, 34 These findings suggest that there must be an intrinsic genetic association between cardiomyopathy and primary arrhythmias. Most recently, there was new evidence showing a morphological association of cardiomyopathy and primary arrhythmia syndromes. Structural alterations, such as fibrosis and loss of gap junctions, were found in BrS patients elucidating the primary arrhythmia. 35 Our group also observed the previously unrecognized significant cardiac structural changes (slightly increased heart weight, enlarged circumference of cardiac valves) in SUNDS victims. 36 All these findings support the idea that some of the previously recognized primary arrhythmias with apparently intact heart, such as BrS and SUNDS, might be a subtype or early stage of cardiomyopathy. [35] [36] [37] [38] 
Study Limitations
This work has several limitations. First, the absence of clinic (such as ECG) records is always a study limitation that is inherent to the forensic medical investigation on SUNDS victims, where, by definition, victims are apparently healthy individuals who suffer sudden unexpected death. This limits a deeper analysis of association between clinical phenotype, genetic findings, and functional data. Second, the functional study was conducted by in vitro experiments using both HEK293 cells and iPSC-CMs, which is different from the genuine in vivo environment. It would be helpful to assess the impacts of VCL-D841H in vivo by characterizing mouse models established by CRISPR technology. Last, we would not be able to quickly investigate another replication cohort of SUNDS in the near future because of the difficulty of collecting new samples. Moreover, it is hard for us to estimate the effect of this VCL-D841H variant on SUNDS accurately because of the rarity of the variant in both SUNDS victims and general population. Although this is the largest SUNDS cohort reported, it is necessary to confirm the prevalence of VCL-D841H in a replication SUNDS cohort or primary arrhythmia disorder in the future attributed to the possible genetic heterogeneity for SUNDS. Values are meanAESE for n experiments. The late I Na level was described as a percentage of peak I Na . All parameters were analyzed using 1-way ANOVA followed by a Bonferroni test. I Na indicates sodium current; k, slope factor; pA/pF, current density; SCN5A indicates cardiac sodium channel; V 1/2 , voltage of half-maximal activation/inactivation; VCL, vinculin; WT, wild type. *P<0.05 vs SCN5A-WT+VCL-WT.
Conclusions
In summary, a VCL common variant, D841H, was associated with Chinese SUNDS. Molecular, biochemical, and biophysical charcterizations revealed VCL-D841H as likely causing loss of function of SCN5A. The significant aggravation of loss of function of SCN5A caused by VCL-D841H under acidosis further supports the idea that nocturnal sleep respiratory disorders with acidosis may play a crucial role in triggering the deadly arrhythmia underlying SUNDS victims.
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